INTRODUCTION
As numerous genome projects give us an enormous volume of hypothetical amino acid sequences, their functional analyses become crucial in the post-sequence era. An effective approach to characterizing protein functions is to determine their 3D structures first. Even if the 3D structure cannot be definitively assigned to a protein, it can be predicted when its homologs are found in 3D structure databases. A rapid accumulation of 3D structure data (1), combined with development of sensitive homology search methods (2) , enables us to predict a large portion of protein sequences (3, 4) . Databases of predicted protein structures against a large number of protein sequences will be useful in annotating their functions. Recently, a largescale structure determination project, called 'structural genomics' was initiated by several organizations worldwide (5) . The enterprise aims to understand molecular functions of uncharacterized proteins through solution of their 3D structures. As the total number of such proteins is almost unmanageably large, a practical goal of the undertaking is to determine the structures of all the representative proteins in each family. If necessary, the structures of the rest can be predicted computationally using the representative structures. Therefore, in order to gain the most from structure genomics, we need to develop a database containing predictions of all the available protein sequences.
We report here development of the Genomes TO Protein structures and functions database (GTOP), containing an extensive repository of protein fold predictions (sequence versus structure alignments) obtained chiefly by the program PSI-BLAST (6) . GTOP also provides the outcome of other analyses such as homology and motif search, detection of transmembrane helices, coiled-coil region and repetitive sequences, among others. These data, combined with predicted 3D structures, constitute effective tools in characterizing protein functions.
Recently, several other databases of automatic sequence analysis were developed. For example, the SUPERFAMILY database (http://stash.mrc-lmb.cam.ac.uk/SUPERFAMILY/) provides a large collection of fold assignments using hidden Markov models, MODBASE (7) and 3DCrunch (http:// www.expasy.ch/swissmod/SM_3DCrunch.html) give comparative protein structure models with full atoms. However, the GTOP database differs from them in that they focus exclusively on 3D structures, without providing any other analyses. Despite the conceptual similarity to other general databases of automatic analyses, such as PEDANT (8) , GeneQuiz (9) and Genecensus (http://bioinfo.mbb.yale.edu/genome/tree/tree.cgi), GTOP has the advantage of supplying a well-designed interface dealing with predicted 3D structures. Table 1 catalogs the kinds of analyses whose results are included in the GTOP database. The 3D structure was mainly predicted by PSI-BLAST (6) detecting weak sequence homologies against proteins of known structure. Profiles used in PSI-BLAST were constructed for each open reading frame (ORF) sequence from a non-redundant sequence database, as described previously (13) . Using these profiles, we scanned the sequences of the Protein Data Bank (PDB; 1) to predict their structures. We also scanned the domain sequences of the SCOP database (14) to assign SCOP taxonomy to each ORF. The domain sequences were collected using the information stored in the 'dir.dom' file in the SCOP database. We also applied PSI-BLAST in the reverse direction: we constructed profiles for each of the representative domains in the SCOP database and scanned these profiles using the Reverse PSI-BLAST program in the BLAST program package. The combination of the two directions of PSI-BLAST has been reported to result in prediction with higher sensitivity than either direction alone (3, 4) . Moreover, we predicted regions with special structures: transmembrane helices by SOSUI (15), coiled-coil regions by MULTICOIL (16) and low-complexity regions by SEG (17) . Prior to PSI-BLAST application, we masked these regions to avoid making erroneous predictions. We also utilized the standard pairwise sequence search FASTA (18) or BLAST (6) , to confirm the results of PSI-BLAST for pairs with relatively high similarity.
TARGET PROTEIN SEQUENCES

STRUCTURE PREDICTIONS CONTAINED IN GTOP
The fractions of structure-predicted ORFs are shown in Figure 1 . We used the PDB updated on March 2001 and set the E-value threshold to 0.001. On average, we could predict structures for 42.3% of ORFs in a total of 41 organisms: FASTA predicted ∼26.5% of the ORFs, while PSI-BLAST added another 15.8%. These figures are a little larger than those reported previously (2,3). The increase is mostly attributable to the fact that we used a later version of the PDB. In the case of Escherichia coli, the fraction of structure-predicted ORFs in April 2000 was 45.8%, whereas that in March 2001 was 48.9%. That is, accumulation of PDB data in ∼1 year increased the predicted fraction by 3.1%. The observation demonstrates that we need to frequently update this kind of database to maintain its value.
OTHER ANALYSES CONTAINED IN GTOP
Besides structure prediction, GTOP contains results of numerous analyses (Table 1) . PSI-BLAST search against the well-annotated sequence database SWISS-PROT (19) was also performed using the profiles constructed for fold prediction. As detection of repetitive sequences in proteins is important in determining their domain structures, RepAlign, a program specifically developed in our group for this purpose, was put to use. Furthermore, we performed a motif search against PROSITE (20) and a exploration of known domains in Pfam (21) using HMMER (http://hmmer.wustl.edu). A BLAST search within all the sequences in GTOP generates an organism pattern, i.e. the numbers of homologs in the 41 organisms (shown as 'OrgPattern' in Fig. 2A ). This information is valuable in examination of the phylogeny of a protein and prediction of its function (22, 23) .
OVERVIEW OF THE DATABASE
GTOP data are stored in two kinds of files, namely raw result files and flat summary files. All the raw outputs of each analysis method, such as BLAST, FASTA, PSI-BLAST and HMMER, are stored in the GTOP database. Due to a very large size, the raw files cannot be quickly searched and viewed. To facilitate search, we introduced flat summary files (called the 'master files'), which are a brief extract of all the analytical results of ORFs. In the case of homology searches, the master files store only family names and representative entry names from a large list of homologous proteins. A keyword search against the master files is available on the web server. 
VIEWERS OF THE RESULTS
A graphical user interface is a necessary tool in browsing a database containing an enormous amount of data. We developed several such tools to browse the GTOP database via the World Wide Web. A viewer of master files shows information of master files in a color-bar format. A screen view of the E.coli citA gene is presented in Figure 2A . From this view, we can easily grasp the overall structure of each ORF: the location of transmembrane helices, predicted 3D structures, Pfam domains, to name a few. Links to other related databases, such as HUGE (http:// www.kazusa.or.jp/huge/), PEC (http://www.shigen.nig.ac.jp/ ecoli/pec/) and GIB (http://gib.genes.nig.ac.jp/) are placed in this page. Upon clicking a link in the master file view, another view appears, providing more detailed information. Figure 2B shows an alignment between a query protein and a homologous structure found by PSI-BLAST. We developed a device to identify ligand binding sites (encircled by a blue dotted line in Fig. 2B ). Besides the usefulness of this information in predicting binding sites of proteins, we can check functional similarity through examinations of residue conservation in binding sites. A predicted structure can be displayed in the browser with the use of a Chime plug-in (http:// www.mdlchime.com/chime/) (Fig. 2C) . We prepared two additional ways to show structures: by image and using RasMol (http://www.OpenRasMol.org/) as an external application. Aligned regions are colored differently. The GTOP database provides alignments between sequences and 3D structures, but not the coordinates of all the atoms. For users who want to build full atom models, we developed a tool with which to make MODELLER (24) input files.
SEARCH AND SUMMARY PAGE
A search tool is very important in making large databases like GTOP accessible. We prepared two search devices. The first one is a keyword search, which scans the master file. A gene name, ORF name or family name can be used as a query. The second one is the sequence homology search using BLAST. Despite their usefulness, they are unsuitable for comparisons of organisms from multiple view points. We therefore prepared a summary page, which shows in one line the numbers of various domains in organisms, such as SCOP folds, Pfam families, PROSITE motifs and transmembrane helices.
PREDICTION SERVICE
In addition to the results of completed analyses, we provide an automatic structure prediction service using BLAST and Reverse PSI-BLAST. If a user pastes a sequence of interest into the form on the web page, the protein structures of its homologs will promptly be returned. This service is important for two reasons. First, GTOP cannot cover all kinds of proteins, however hard we try to expand the number of target proteins. Secondly, GTOP cannot reanalyze the PDB data every week, as too much computational costs would be incurred, while the PDB itself is updated weekly. On both of these counts, the prediction service can remedy the intrinsic defect in the ready-made portion of GTOP.
FUTURE DIRECTION
Because of the ever increasing nature of both genome sequences and target databases (such as the PDB and SWISS-PROT), maintaining the GTOP database is no easy task. We are now modifying the structure of the GTOP database to decrease the computational costs for updating and to store results of a larger number of analyses. One way to decrease computational costs is to omit one of the two directions of PSI-BLAST, as doing so can dramatically decrease the computational time with a relatively small loss in sensitivity. As mentioned above, the prediction service can compensate for the delay in updating.
We also intend to include more organisms, especially eukaryotes, which will further enhance the value of the database.
